nant of proximal tubule function. For example, decreases bated ECs with PTECs in a system that permitted cross-talk in NO are associated with decreases in lithium clearance between the two cell types and the vectorial transport of sodium.
[8]. In addition to indirect evidence suggesting that NO Results. In the presence (but not absence) of ECs, adding regulates proximal tubule Na reabsorption, adding Na bradykinin or acetylcholine increased cGMP and decreased sodium transport, as well as Na,K-ATPase in PTECs. Interleukin nitroprusside (SNP) or other NO donors to perfusates (IL) 1B preconditioning of ECs also increased cGMP and deof perfused proximal tubules resulted in concentrationcreased sodium transport and Na,K-ATPase in PTECs. Bradydependent increases (high concentration) or decreases kinin, acetylcholine, and IL 1B EC-dependent effects were re-(low concentrations) in proton flux [9] . Moreover, adding versed with the nitric oxide (NO) synthase inhibitor L-NNA.
NO donors to proximal tubule cells inhibited key trans-
In the absence of ECs, the addition of NO donors to PTECs increased cGMP and decreased sodium transport and Na,Kporters that regulate proximal tubule Na reabsorption ATPase. 8Br-cGMP also decreased PTEC sodium transport [5] [6] [7] [8] [9] [10] .
and Na,K-ATPase.
Nitric oxide is made from arginine by several isoforms
Conclusion. Endothelial cells regulate PTEC function. This of NO synthase (NOS), including type I, II, and III NOS effect is mediated by NO synthase-dependent up-regulation of [11] . Type II NOS has been identified in proximal tubule cGMP in PTECs. epithelial cells (PTECs) [12] . Exposure of PTECs in culture to agonists that induce NOS activity increased NO Sixty percent of sodium (Na) filtered at the glomerulus and resulted in autocrine-mediated decreases in proxiis reabsorbed by the proximal tubule. Proximal tubule mal tubule Na,K-ATPase activity [5] . Proximal tubules Na reabsorption is regulated by the activity of renal nerves are apposed to vascular endothelial cells (ECs) that conand by hormones, including angiotensin II (Ang II) and tain NOS. Paracrine regulation of proximal tubules by norepinephrine. The major signaling pathways that ECs has not been considered but is possible because: (a) transduce Ang II and catecholamine-mediated Na transthere is close contact between PTECs and ECs; (b) ECs port are the phospholipase C, protein kinase C, adenylmake NO; (c) other renal tubule cells, including cortical ate cyclase, and phospholipase A2 systems [1] [2] [3] [4] .
collecting tubule cell lines, are regulated by ECs [13]; The cGMP signaling pathway also contributes to the (d) the addition of agents eliciting EC NO production regulation of proximal tubule Na transport. Guzman et to peritubular capillary perfusate increased proton flux al found that cGMP analogues decreased Na,K-ATPase in perfused proximal tubule preparations [14] . in mouse proximal tubules [5] , whereas Roczniak and The purpose of this study, therefore, was to determine if and how ECs regulate PTEC Na transport. To test for this possibility, we used a coincubation system in which
METHODS
then centrifuged at 3000 ϫ g for 20 minutes at 4ЊC. Aliquots of supernatant were extracted three times with Rat proximal tubule epithelial cell isolation four volumes of water-saturated ether, brought to a pH and culture of 7.0 with Tris, and assayed for cGMP using a commerProximal tubule cell isolation techniques were derived cially available kit (Amersham, Arlington Heights, IL, from modification of methods of Vinay et al and were USA). cAMP and inositol phosphates were measured previously described in detail by our laboratory [15, 16] .
as described in earlier studies [16] . Briefly, kidneys were removed from male Sprague-Dawley rats and were digested in collagenase (272 U/ml) for Assay of Na,K-ATPase activity 30 minutes at 37ЊC. Proximal tubules were isolated by Na,K-ATPase activity was determined by measuring Percoll gradient centrifugation and were mixed with Dulouabain-inhibitable 86 Rb uptake from the basolateral becco's modified Eagle's medium and Ham's nutrient surface of PTECs as previously described [18] . Briefly, mixture (DMEM-F12) containing 1.7 nm epidermal at the time of the study, medium was aspirated from growth factor, 6.5 m transferrin, 10 m dexamethasone, apical and basolateral sides and replaced with RPMI 87 m insulin, 14 mm NaHCO 3 , 10% bovine calf serum, buffer [in mm: 102 NaCl, 5.6 Na 2 HPO 4 , 5.4 KCl, 0.4 CaCl 2 , 100 U/ml penicillin G, 100 g/ml streptomycin sulfate, 0. Rb uptake was measured in ber was prevented from appearing in the lower chamber.
vesicles prepared as described by Molitoris and Simon [19] .
Endothelial cell isolation and culture

3
H adenine release Bovine pulmonary artery ECs were harvested by Proximal tubule epithelial cell injury was assessed methods described by our laboratory [17] . ECs were by measuring ( 3 H) adenine release as previously degrown in DMEM/F12 containing D-Val with 20% fetal scribed [20] . calf serum. ECs were cultured in a 5% CO 2 /95% air Measurement of sodium flux incubator. Media were changed after 24 hours and twice weekly thereafter, and ECs were passaged every four to Unidirectional apical-to-basolateral Na flux was deterseven days. ECs from passages 3 through 6 were studied.
mined by a modification of methods previously described by our laboratory [21, 22] . Na (1 Ci/ml) was added to Coincubation the apical chamber in solution A (transport buffer), which Confluent PTECs on permeable supports were coincucontained (in mm) 128 NaCl, 5 NaHCO 3 , 5 KCl, 4 NaHPO 4 , bated with ECs grown in culture dishes for 30 minutes 1 CaCl 2 , 5 urea, 1 MgSO 4 , 3 lactate, 2 glutamine, and at room temperature prior to the addition of agonists.
20 HEPES, 305 mOsm/kg H 2 O, pH 7.40. Basolateral PTECs were oriented so that only the basolateral surface surfaces were exposed to the same buffer without 22 Na. was apposed to ECs.
The initiation of transport was defined as the time when apical buffer was added. The final volume on both apical Assay of cGMP, cAMP, and inositol phosphates and basolateral sides was 4 ml. Aliquots of 100 l were Confluent monolayers of PTECs grown on permeable removed from the basolateral buffer 15 minutes after supports were incubated for 15 minutes at room temperthe initiation of transport. In preliminary studies, we ature in DMEM-F12 with 0.5 mm 3-isobutyl-1-methylfound that 22 Na transport was linear for up to 30 minutes xanthine (IBMX). Agonists were then added for the after the addition of agonists [21, 22] . 22 Na was quantitimes and at the concentrations indicated. Reactions tated by liquid scintillation (Packard Tri-Carb 460), and were stopped by removing ECs, aspiration of media, 22 Na mass was calculated from simultaneously deterand addition of ice-cold 10% trichloroacetic acid (TCA). mined standard curves. 22 Na flux was defined as total quantity of basolateral transport divided by permeable Suspensions were kept on ice for 30 minutes and were support surface area. Because basal 22 Na transport varied pmol/mg, P Ͻ 0.001). Ach effects were blocked following treatment with L-NNA. from plate to plate (but not within individual plates), one
To determine whether ECs regulated PTEC Na transwell per plate was used for the determination of 22 Na port, we measured the effect of ECs on PTEC Na,Ktransport in the absence of ECs or other antagonists. ReATPase activity and on transcellular Na transport. Coinsults are expressed as femtomoles per square millimeter.
cubation of ECs with PTECs did not affect the basal Materials values of either of these parameters. In addition, adding BK did not decrease PTEC Na,K-ATPase activity or Na Materials were obtained from the following sources: transport in the absence of ECs. However, adding BK DMEM-F12, type I collagen, penicillin G, streptomycin to coincubations of ECs and PTECs decreased PTEC sulfate, transferrin, insulin, dexamethasone, epidermal Na,K-ATPase activity (Fig. 2) and Na transport (Fig. 3) . growth factor, modified Eagle's medium (MEM) nones- Figure 2A demonstrates that BK reduced Na,K-ATPase sential amino acids, dimethylamiloride, monensin, metaactivity from 6.1 Ϯ 0.2 to 4.
proterenol, and ouabain were from Cambridge Research (P Ͻ 0.01). Adding the NOS inhibitor L-NNA reversed Biochemicals (Wilmington, DE, USA). Sprague-Dawley EC-dependent decreases in Na,K-ATPase activity in rats were from Sasco (Omaha, NE, USA). Collagenase
PTECs. Similar effects were found with Ach (Fig. 2B ). was from Worthington Biochemicals (Freehold, NJ, USA).
The BK addition to the coincubations also reduced transPercoll was from Pharmacia-LKB (Uppsala, Sweden).
cellular Na transport. Figure 3A indicates that BK rePermeable supports, cell culture dishes, were from Coduced transcellular Na transport from 66.4 Ϯ 3.2 in the star (Cambridge, MA, USA). Bovine calf serum was absence of ECs to 40.7 Ϯ 4 fmol/mm 2 in the presence from Hyclone Laboratories (Logan, UT, USA). cAMP of ECs (P Ͻ 0.001). This effect was reversed with and cGMP assay kits and 22 Na were from Amersham.
L-NNA. In additional studies, we found that Ach also 86 Rb was from NEN Research Products (Boston, MA, decreased transcellular Na transport by 25% in the pres-USA), and Optifluor scintillation fluid was from World ence but not absence of EC, and that this effect was Precision Instruments (Sarasota, FL, USA).
reversed with L-NNA (Fig. 3B ).
To further determine whether EC-dependent regulaStatistics tion of PTEC function was mediated by NO, ECs alone Results are expressed as means Ϯ sem. Experiments were conditioned with interleukin (IL) 1B for 24 hours unwere repeated three times, and the mean was used to der conditions that up-regulate NOS and NO production generate one data point. The results from each study [23] . Figure 4A indicates that coincubation of IL 1B condiwere repeated three to six times. Comparisons between tioned ECs with PTECs (which had not been exposed two groups was made by the unpaired, two-tailed Stuto IL 1B ) resulted in increases in PTEC cGMP (1.0 Ϯ 0.1 dent's t-test. Comparisons between more than two groups to 2.7 Ϯ 0.2 pmol/mg, P Ͻ 0.001). These effects were were made by one-way analysis of variance with the blocked with L-NNA. Figure 4B indicates that coincubaTukey test used for post hoc analysis. Statistical signifition of IL 1B -conditioned EC resulted in decreases in cance is defined as a P of less than 0.05.
PTEC transcellular Na transport (70.1 Ϯ 5.2 to 32.6 Ϯ 4.7 fmol/mm 2 , P Ͻ 0.001). These effects were also abrogated with L-NNA. RESULTS
Effect of endothelial cells on proximal tubule
Role of nitric oxide and cGMP on proximal tubule epithelial cell function epithelial cell function To determine whether ECs regulate PTEC functions, Because the data suggested that NO produced by ECECs were coincubated with PTECs. Under basal condimediated, EC-dependent regulation of PTECs, we pertions, coincubating ECs with PTECs did not alter cGMP, formed additional studies in which we added an NO Na,K-ATPase, or Na transport in PTECs. In contrast, donor directly to PTECs. Table 1 shows that adding although the addition of bradykinin (BK) did not change increasing concentrations of SNP progressively increased cGMP in PTECs in the absence of ECs (Fig. 1) , in the cGMP generation in PTECs. Compared with no SNP presence of ECs, adding BK increased PTEC cGMP (0.9 Ϯ 0.1 pmol/mg), the threshold for stimulating cGMP production from 0.7 Ϯ 0.1 to 2.1 Ϯ 0.2 pmol/mg (P Ͻ was 10 Ϫ5 m SNP (1.9 Ϯ 0.2, P Ͻ 0.05), and the maximum 0.001). Endothelial cell-dependent increases in cGMP stimulation was observed at 10 Ϫ3 m SNP (2.8 Ϯ 0.2). were abrogated following treatment with the NOS inhibTable 1 also indicates that adding SNP decreased itor L-NNA. Similar results were found with acetylchoNa,K-ATPase activity in PTECs. Compared with no SNP line (Ach; Fig. 1B ). Whereas adding Ach did not alter (5.3 Ϯ 0.3 pmol K · g Ϫ1 · min Ϫ1 ), concentrations of cGMP in PTECs in the absence of ECs, adding Ach in SNP of 10 Ϫ5 m or greater reduced Na,K-ATPase. To determine whether NO inhibited Na,K-ATPase in the the presence of ECs increased cGMP levels (2.5 Ϯ 0.2 absence of activating guanylate cyclase, we exposed baTo determine if NO decreased transcellular Na transport, Na transport was determined in PTECs exposed solateral membranes of PTECs to SNP (10 Ϫ5 m). Under these conditions, SNP did not decrease Na,K-ATPase to SNP. Figure 6 indicates that adding SNP decreased 22 Na transport in a concentration-dependent manner. Na activity (9.6 Ϯ 1.1 pmol K · g Ϫ1 · min Ϫ1 , control; 9.1 Ϯ 1.3 SNP; N ϭ 3, P ϭ NS). transport was reduced from 50.5 Ϯ 2.6 with 10 Ϫ7 m SNP to 22.4 Ϯ 2.4 fmol/mm 2 with 10 Ϫ3 m SNP (P Ͻ 0.001). Because NO decreases apical Na uptake [6], we considered the possibility that decreases in Na,K-ATPase Because NO has been shown to be toxic to renal epithelial cells, we questioned whether NO-dependent dewere mediated by SNP-induced decreases in apical Na uptake. To determined whether NO had direct effects on creases in Na,K-ATPase and transcellular Na transport could be caused by PTEC injury. Concentrations of SNP Na,K-ATPase, Na,K-ATPase was determined in PTECs exposed to concentrations of dimethylamiloride (DMA), used for our studies (10 Ϫ7 to 10 Ϫ3 m for 30 min) did not increase adenine ( 3 H) adenine release from PTECs. which blocks apical Na/H exchange [24] . Figure 5 indicates that DMA decreased Na,K-ATPase. However, the Because coincubation of ECs with PTECs and adding the NO donor to PTECs increased in cGMP, we examined addition of SNP further decreased Na,K-ATPase from 3.8 Ϯ 0.2 to 2.8 Ϯ 0.2 pmol K · g Ϫ1 · min Ϫ1 (P Ͻ 0.05). whether the inhibitory effects of NO on Na,K-ATPase and Na transport were mediated by cGMP. Figure 7 2.1 Ϯ 0.2 (P Ͻ 0.01 vs. DMA). Exposure to 8Br-cGMP decreased Na transport from 42.8 Ϯ 3.2 fmol/mm 2 with indicates that adding the cGMP analogue 8Br-cGMP to PTECs caused concentration-dependent decreases in 10 Ϫ7 m 8Br-cGMP to 35.2 Ϯ 2.6 with 10 Ϫ5 m 8Br-cGMP and to 27.7 Ϯ 1.8 with 10
Ϫ3 m 8Br-cGMP (Fig. 7) . Na,K-ATPase. The maximum inhibition was 10 Ϫ4 m 8Br-cGMP. The inhibitory effects of 8Br-cGMP on Na,KBecause the adenylate cyclase and phospholipase C signaling systems regulate Na transport in PTECs, we ATPase activity were observed when apical Na entry was blocked with DMA: control 5.7 Ϯ 0.3 pmol K · g Ϫ1 · measured cAMP and IP 3 generation in PTECs after the addition of 8Br-cGMP (10 Ϫ4 m). We did not detect activamin Ϫ1 , DMA 3.9 Ϯ 0.3; DMA plus 8Br cGMP (10 Ϫ4 m) Fig. 5 . Effect of sodium nitroprusside (SNP) on Na,K-ATPase. PTECs were exposed to no additions (N ϭ 5) or dimethylamiloride (10 Ϫ3 m, N ϭ 5) or dimethylamiloride plus SNP (10 Ϫ4 m, N ϭ 5) for 15 minutes. Na,K-ATPase was determined as described in the Methods section. Fig. 6 . Effect of SNP on 22 Na transport across PTEC monolayers. PTECs were exposed to SNP in the concentrations indicated for 15 minutes.
22
Na transport was determined as described in the Methods section (N ϭ 4 in each group).
tion of these signaling pathways with 8Br-cGMP [cAMP, control 100%, 8Br-cGMP 94 Ϯ 3% (P ϭ NS, N ϭ 3 in each group); IP 3 , control 100%; 8Br-cGMP 101.6 Ϯ 4% addition of NO to proximal tubules has been reported.
Cantiello and Ausiello showed that SNP decreased Na uptake in LLC-PK cells [25] . Chevalier reported that DISCUSSION SNP inhibited transepithelial Na transport in LLC-PK 1 cells, whereas Roczniak and Burns showed that NO doThe main findings of our studies were that (a) ECs have the potential to regulate PTEC function, and (b) nors inhibited apical Na/H exchange in rabbit proximal tubules [6] . In addition, Guzman et al reported that SNP NO mediates EC-dependent control of PTECs. The addition of BK or Ach to EC/PTEC coincubations, but not and SIN-1, as well as interferon conditioning of mouse proximal tubule cells, resulted in decreased Na,Kto PTEC alone, resulted in increases in PTEC cGMP, as well as decreases in Na,K-ATPase and transcellular ATPase [5] . Interferon-induced decreases in Na,KATPase were reversed with an NOS inhibitor and were Na transport. Moreover, IL 1B conditioning of ECs resulted in the same findings. All of the EC-dependent attenuated by removing arginine from the culture system. Taken together, the results of these studies indicate changes were blocked with the NOS antagonist L-NNA.
Renal epithelial cells are in close apposition to ECs. that NO decreases Na transport in proximal tubules by decreasing the activity of apical Na/H exchange and However, there are few studies of EC regulation of epithelial cells. Stoos et al coincubated ECs with a cortical Na,K-ATPase. Our data confirm these results (Figs. 5 and 6). In addition, our results extend these observations collecting duct cell line and found that EC activation with BK or Ach reduced short circuit current and that and indicate that NO-mediated inactivation of Na,KATPase (1) is independent of apical Na, hydrogen exthis effect was reversed with an NOS inhibitor [13] . EC regulation of proximal tubule function has recently been change (but not necessarily of other apical transporters) because NO-induced inhibition of Na,K-ATPase ocreported. Amorena and Castro perfused peritubular capillaries with agents causing EC NO production [14] . Both curred in the presence of DMA and (2) is not mediated directly by NO because the NO donor did not decrease BK and carbamylcholine increased proximal tubule proton flux. Because GMP analogues increased proton flux Na pump activity in basolateral membrane vesicles. In addition to NO generated from NO donors, our while an NOS inhibitor blocked the effects of carbamylcholine, the authors concluded that ECs increase proxistudies indicate that NO produced by ECs regulates proximal tubule function. NO is produced from arginine mal tubule proton flux by activating the Na/H exchange [14] . In contrast to Amorena and Castro, our data indiby the enzyme NO synthase. (Figs. 1, 2, 3, 4) . The effect of direct these investigators demonstrated stimulatory effects of ECs, NO, and cGMP on proton flux (and, presumably, Na uptake), we found inhibitory effects of EC, NO, and cGMP on Na uptake and transport. These differences in findings are especially confusing because a number of investigators have reported that cGMP decreases proximal tubule Na transport and Na/H exchange [6, 10, 25, 33, 34] , and others have reported inhibitory [5, 6, 10] or biphasic effects of NO [9] on these parameters.
There are several caveats to our studies. In vivo, basal surfaces of ECs are apposed to basolateral membranes of PTECs. In the coincubation system, apical surfaces of ECs are apposed to the basolateral surfaces of PTECs. and found that EC-dependent PTEC cGMP formation was comparable to the results obtained when apical surfaces of ECs were apposed to PTEC (data not shown). tioning with IL 1B resulted in changes in PTEC signaling
Other caveats include our use of a coincubation system and transport functions. Each of these effects was as well as our use of bovine macrovascular ECs and rat blocked by treating ECs with the NOS inhibitor.
PTECs. Although there may be differences in function Many effects of NO are mediated by cGMP formed between microvascular and macrovascular ECs, we were by guanylate cyclase. However, NO is highly reactive, not able to culture sufficient quantities of rat microvascuand some effects of NO are mediated by secondary oxilar ECs to perform these studies. Also, the short duration dants produced after the interaction with NO [29] . The of our studies would minimize the differences between results of our studies suggest that in our coincubation cells of different origins. An additional concern is the system, all of the effects of NO were mediated by cGMP.
use of a coincubation system to infer in vivo interactions In this regard, exogenous cGMP reproduced the effects between cells. of SNP on Na,K-ATPase and Na transport (Fig. 7) . EarWith these caveats, the results of our studies may be lier studies indicate that cGMP inhibits proximal tubule relevant to proximal tubule function in vivo. Proximal Na reabsorption [6, 10] . There are limited reports on the tubule Na transport is up-regulated by the filtered load transporters regulated by cGMP. A specific target of of Na, as well as by a number of circulating hormones cGMP appears to be the apical Na/H exchanger because (angiotensin II, norepinephrine, etc.) and renal nerves. the addition of exogenous cGMP blocked apical Na/H In addition, our studies indicate that the endothelium exchange [6] . The effect of cGMP on regulation of proxidown-regulates proximal tubule Na reabsorption. In earmal tubule Na,K-ATPase activity is less clear. Guzman lier studies, NO was shown to contribute to proximal et al reported that cytokine treatment of mouse proximal tubule injury during ischemia/reperfusion in the absence tubules decreased Na,K-ATPase [5] . Although this effect of neutrophils and to protect proximal tubules from neuwas blocked by a NOS inhibitor, it was only partially trophil-mediated oxidant attack [35, 36] . Moreover, EC reproduced with an exogenous cGMP analogue. In our NO was shown to protect vascular smooth muscle cells system, exogenous cGMP was as effective as NO donors from oxidant attack [20] . These results indicate that EC in inhibiting Na,K-ATPase (Figs. 5 and 7) . We considered dysfunction such as that which occurs in a number of the possibility that cGMP inhibition of Na,K-ATPase pathological states (for example, sepsis, acute renal failwas mediated by inhibition of apical Na entry. However, ure) could result in dysregulation of proximal tubule Na the inhibitory effects of the cGMP analogue on Na,Kreabsorption and abnormalities in Na balance. ATPase occurred when apical Na uptake was blocked with amiloride. The effect of downstream kinases or ACKNOWLEDGMENTS phosphatases regulated by cGMP on Na,K-ATPase ac- subunits of Na,K-ATPase, exogenous cGMP has not been found to consistently inactivate the enzyme [5, [30] [31] [32] .
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